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Viewed as an organ, the lung is a highly compartmentalized structure with the primary function of gas exchange. Like other organs, such as the skin and gastrointestinal tract, that are exposed to the external environment, the lung possesses physical and chemical barriers to microbial invasion. Thus the conducting airway epithelial cells provide both mechanical (ie, ciliated epithelial movement and mucus production) and biochemical (ie, antimicrobial enzymes/peptides) barriers that inhibit colonization of the lungs by most microorganisms. However, many respiratory pathogens (and some commensal microbes), including viruses, have evolved to successfully colonize and replicate on or within the lung epithelial cells, occasionally causing life-threatening diseases.

The cellular constituents of the normal lung include cells of hematopoietic origin (CD45^+^), as well as stromal cells (CD45^−^). Among the stromal cell types, type I and II alveolar epithelial cells and several epithelial cell subtypes lining the conducting airway are of particular importance because they are the primary cell types targeted by certain respiratory tract viruses and importantly by the subsequent host immune response to infection. Cellular destruction produced by the virus, host response, or both can, if extensive enough, result in severely compromised pulmonary function. Therefore efficient suppression of early viral replication and minimization of immune-mediated injury are quintessential hallmarks of effective recovery from pulmonary viral infection.

In this review we will discuss recent developments in the process of innate immune recognition during viral respiratory tract infection, immune effector mechanisms involved in viral clearance and injury development, recovery from infection, and the effect of viral respiratory tract infection on underlying lung diseases.

Initiation phase {#sec1}
================

Initiation of antiviral innate immunity in the lung {#sec1.1}
---------------------------------------------------

The successful initiation of the host immune response to microbial invasion requires the recognition of pathogen-associated molecular patterns (PAMPs). This is achieved through recognition of microbial PAMPs by 1 or more of a variety of cellular receptors (pattern recognition receptors \[PRRs\]) for these PAMPs displayed by CD45^−^ stromal cells, such as respiratory epithelial cells, as well as CD45^+^ cells, within the lung.[@bib1], [@bib2], [@bib3] Recent studies also emphasize the importance of host immune cell recognition of damage-associated danger signals (damage-associated molecular patterns \[DAMPs\]) typically composed of sequestered self-constituents released from infected cells, damaged cells, or both.[@bib4] These PAMP and DAMP molecular "red flags" can also activate the intracellular innate protein complex, the inflammasome, which also can play a key role in orchestrating both the innate and adaptive immune responses to viruses.[@bib5], [@bib6] In addition, the role of complement in controlling early viral replication and in the initiation of innate and adaptive immunity is being increasingly appreciated. Thus an emerging view from recent investigations is that that the recognition and subsequent eradication of invading viral pathogens at mucosal sites, such as the airways, requires the concerted action of PRRs, as well as immune sensors of cellular stress/damage arising from viral infection.

Recognition of viral pathogen--associated molecular patterns {#sec1.2}
------------------------------------------------------------

Viral infection of epithelial cells is first detected by a germline-encoded set of sensors expressed by epithelial cells and innate immune cells (ie, PRRs), which recognize PAMPs originating from the invading viral pathogens.[@bib3], [@bib7], [@bib8] PRR sensors include the Toll-like receptors (TLRs); RNA-sensing RIG-I--like receptors (RLRs), such as retinoic acid--inducible gene I (RIG-I) and melanoma differentiation-associated protein 5; and C-type lectin receptors ([Fig 1](#fig1){ref-type="fig"} ). PRR recognition depends on the detection of evolutionarily conserved microbial ligands that are critical for -microbial structure/function, such as viral envelope proteins and nucleic acid motifs within the DNA or RNA genomes of the virus. Although RLRs sense microbial constituents in the cytosolic compartments, TLRs and C-type lectin receptors detect microbes on the cell surface and in endosomes.[@bib8] Fig 1Innate recognition of viral pathogen--associated pattern molecules. Interferon (types I and III) production in response to viral respiratory tract infection can be triggered by recognition of (1) double-stranded RNA *(dsRNA)* by the cytosolic receptors melanoma differentiation-associated protein 5 *(MDA5)* and retinoic acid-inducible gene I *(RIG-I)* or (2) dsDNA (B-DNA) by DAI or as yet unknown cytosolic DNA receptors (DNA-RX; not depicted). This recognition leads to the activation of interferon regulatory transcription factor *(IRF)*-3 through the kinase TANK-binding kinase *(TBK)*-1 (or IKKi) and stimulates the production of interferons (types I and III) at the site of infection. RIG-I is also triggered by 5′-pppRNA transcribed from dsDNA by using RNA polymerase III. In addition, ligation of TLR3, TLR4, TLR7, and TLR9 by respective viral molecules triggers type I interferon production by means of signaling through adaptor molecules, including MyD88, Toll-interleukin 1 receptor *(TIR)* domain containing adaptor protein *(TIRAP)*, TRIF-related adaptor molecule *(TRAM)* and TIR-domain-containing adapter-inducing interferon-β *(TRIF)*. The association of these adaptors with TBK1 ultimately results in the activation of the IRF family members (ie, IRF3/5/7) and, in some instances, nuclear factor κB, leading to the transcription of interferon genes (types I and III) and proinflammatory cytokines, such as pro--IL-1β, pro--IL-18, and IL-6. Of note, the production of interferons (types I and III) can be amplified by a positive feedback loop in which the interferons produced early trigger transcription in both autocrine and paracrine fashions.

RIG-I is the prototypical member of the RLR family of cytosolic PRRs that recognize nucleotide motifs displayed by RNA viruses ([Fig 1](#fig1){ref-type="fig"}). Its primary function is to activate interferon genes through the adaptor mitochondrial anti-viral signaling (MAVS), which in turn engages the interferon regulatory factor (IRF) 3/7 transcription factor signaling pathway.[@bib9] RIG-I signaling is also important for activation of the inflammasome and IL-1β production (see below). Infection of cells by vesicular stomatitis virus or transfection of cells by RNA activates the RIG-I pathway and leads to pro--IL-1β production through a MAVS--CARD9--nuclear factor κB signaling pathway. In parallel, RIG-I can also directly activate the inflammasome complex by binding the adaptor apoptosis-associated speck-like protein containing CARD (ASC) (see below).[@bib10], [@bib11] Recently, the interferon-inducible protein absent in melanoma 2 (AIM2) has been identified as a novel sensor for cytosolic DNA, such as DNA virus genomes, through an HIN-200 DNA-binding domain.[@bib12] AIM2 can activate caspase-1 and the inflammasome in addition to inducing type I interferons.[@bib13] (Other potential cytosolic DNA recognition molecules, such as cyclic-GMP-AMP \[cGAMP\] synthase \[cGAS\] and DNA-dependent activator of IFN regulatory factors \[DAI\], have also been implicated as sensors triggering type I interferon responses.) Although RIG-I and AIM2 detect viral PAMPs in the cytosol, TLRs sense these PAMPs within endosomes (eg, TLR3, TLR7, and TLR9) or on the cell surface (eg, TLR2 and TLR4; [Fig 1](#fig1){ref-type="fig"}).

The type I interferons (IFN-α and IFN-β) are under tight transcriptional regulation and are induced after recognition of pathogen components during infection by various host PRRs ([Fig 1](#fig1){ref-type="fig"}).[@bib14], [@bib15] The type I interferons are responsible for inducing transcription of a large group of genes that play a role in host resistance to viral infections, as well as activating key components of the innate and adaptive immune systems, including antigen presentation and production of cytokines involved in activation of T cells, B cells, and natural killer (NK) cells.[@bib15] Plasmacytoid dendritic cells (DCs) are well recognized as the cell type specialized for the production of large amounts of type I interferons.[@bib14] In addition, type III interferons, consisting of 3 IFN-λ molecules called IFN-λ~1~, IFN-λ~2~, and IFN-λ~3~ (also called IL-29, IL-28A, and IL-28B, respectively), have been recently identified and classified as an interferon family.[@bib16] IFN-λs signal through a receptor heterodimer complex consisting of IL-10 receptor β and IFN-λR~1~ (also known as IL-28RA). Despite the distinct receptor complexes used by type I (ie, IFNAR-1 and IFNAR-2) and type III interferons, they trigger similar intracellular signaling pathways in a wide variety of target cells, resulting in many of the same biological activities, including antiviral activity. Intriguingly, unlike type I interferon receptors, which are widely expressed on many cell types, including leukocytes, the receptors for IFN-λs are largely restricted to cells of epithelial origin. Therefore the IFN-λ ligands and their IFN-λ receptors represent a potential novel antiviral therapeutic target.

Although the importance of recognition of viral PAMPs by PRRs has been well established *in vitro*, the relevance of host recognition of viral PAMPs by PRR types *in vivo* to innate and adaptive immunity is less clear. Neither the absence of TLR-3[@bib17] nor the absence of the RIG-I signaling adaptor MAVS[@bib18] diminishes viral clearance and the adaptive immunity to influenza A virus (IAV) infection. Similarly, *Tlr7* ^−/−^ or *Tlr7* ^−/−^ *Mavs* ^−/−^ mice are able to mount an effective CD8^+^ T-cell response and efficiently clear IAV.[@bib18], [@bib19], [@bib20] These studies suggest that *in vivo* there might be considerable redundancy among different PRRs in their ability to support the early antiviral sensor roles necessary for the induction of innate and adaptive immune responses.

Damage-associated signal recognition {#sec1.3}
------------------------------------

As noted above, along with recognition of microbial products, such as viral nucleic acids and proteins, by PRRs, infection also results in the release of host cell constituents from damaged/dying cells, as well as intact cells located within sites of infection. These damage-associated signals produced as a result of viral replication are, along with viral PAMPs, believed to play a crucial role in activating the inflammasome and controlling the magnitude and quality of the subsequent innate and adaptive immune response to viral infection ([Fig 2](#fig2){ref-type="fig"} ).[@bib4], [@bib5], [@bib6] Damage-associated signals are molecules, such as nucleotides (ie, ATP/uridine triphosphate), heat shock proteins, nuclear proteins (ie, high-mobility group box 1 \[HMGB1\]), mitochondrial DNA, cytokines, and reactive oxygen species, that leak from or are actively released from intracellular compartments after cellular stress or damage. In addition, extracellular molecules, such as extracellular ATP, extracellular matrix components, and uric acids, can also serve as damage-associated signals. These released molecules are then recognized by sensors expressed by surrounding cells, such as antigen-presenting cells (APCs), involved in the initiation of the innate and adaptive immune response ([Fig 2](#fig2){ref-type="fig"}). The signals transduced in responding cells by these released self-constituents result in the activation of the cellular protease caspase-1, which in turn catalyzes the maturation and release of active IL-1β and IL-18. Caspase-1 activation is dependent on the assembly of an intracellular inflammasome sensor complex, which is made up of Nod-like receptor family protein 3 (NLRP3), apoptosis-associated speck-like domain containing a caspase-recruitment domain,[@bib21] and procaspase-1.[@bib5], [@bib6] Fig 2Proposed pathway for NLRP3 inflammasome activation during viral respiratory tract infection. Respiratory tract viruses can trigger both signal 1 and signal 2 for NLRP3 inflammasome activation. Sensing of viral pathogen--associated pattern molecules induces the transcription of pro--IL-1β/pro--IL-18 and NLRP3 along with additional proinflammatory cytokines. The purinergic receptors, such as P2X7 receptor, an ATP-gated ion channel that causes potassium (K^+^) efflux when activated, are partially required for M2-induced inflammasome activation. In the case of influenza virus infection, virus-encoded M2 ion channel protein transports protons (H^+^) out of the lumen and triggers M2-mediated inflammasome activation. Phagolysosomal maturation and the activity of reactive oxygen species *(ROS)* and cathepsin B also play a role in virus-induced inflammasome activation, although the underlying mechanisms remain to be explored. The activation of the inflammasome in DCs and macrophages leads to the activation of caspase-1, which mediates the processing of pro--IL-1β/pro--IL-18 to mature IL-1β/IL-18 and its subsequent release into the extracellular space. *RAGE*, Receptor for advanced glycation end-products.

The inflammasome {#sec1.4}
----------------

Evidence of inflammasome activation by respiratory tract viruses were initially obtained in primary macrophages responding *in vitro* to infection with Sendai virus or IAV.[@bib22], [@bib23] Subsequently, it was demonstrated that products of respiratory tract viruses, such as purified single-stranded RNA from IAV, could, in an NLPR3-dependent manner, activate the inflammasome complex in a variety of cell types, including airway epithelial cells, THP-1 cells, and bone marrow--derived DCs or macrophages.[@bib24], [@bib25], [@bib26] It is also noteworthy that the IAV-M2 viral protein, a proton-selective ion channel involved in viral uncoating, can serve as an ionophore to promote nucleotide transport into the cell cytosol and directly trigger caspase-1 activation.[@bib27] Respiratory syncytial virus (RSV) also induces the expression of caspase-1 and IL-1β, as well as secretion of IL-1β from neonatal human monocytes, suggesting a potential role for inflammasome signaling in RSV infection.[@bib28] Likewise, viral DNA from adenovirus also activates NLRP3, at least *in vitro*.[@bib29]

The *in vivo* significance of inflammasome activation in host defense to viral infection is best illustrated by experimental models of influenza virus infection in mice. Mice deficient in inflammasome complex--associated molecules, such as NLPR3, IL-1 receptor, caspase-1, or ASC, are more susceptible to severe IAV infection than control infected animals with an intact inflammasome complex, as evidenced by increased viral titers, reduced infiltration of neutrophils and monocytes to the infected lung, impaired adaptive immune responses, and reduced cytokine/chemokine levels (IL-1β, IL-6, IL-18, TNF-α, and keratinocyte-derived cytokine).[@bib24], [@bib25], [@bib30] More recent evidence further suggests that IL-1 receptor--deficient mice exhibit a reduction in the extent of migration of lung DCs, in particular CD103^+^ lung DCs, to the draining lymph nodes in response to IAV infection.[@bib20] This diminished DC migration was associated with a reduction in the total accumulation of inflammatory/immune cells into the draining lymph nodes and the subsequent impairment of the antiviral CD8^+^ and CD4^+^ T-cell response in the infected lungs, which is consistent with the critical role of migrant CD103^+^ lung DCs in the initiation of adaptive immune responses to viral respiratory tract infection. Although reports differ in the extent to which inflammasome impairment affects the host response to viral respiratory tract infection, overall, the accumulating data strongly suggest that activation of the NLRP3 inflammasome and ensuing IL-1--dependent, IL-1 receptor--mediated signaling are critical for the establishment of antiviral innate and adaptive immune defenses, as well as resolution and repair of tissue damage, at least for experimental IAV infection.

It is increasingly clear that signaling through receptors sensing cellular damage produced by viral infection also plays an important role in activating the innate immune response. As noted above, this occurs, at least in part, through inflammasome activation. Accordingly, intracellular molecules (ie, ATP and HMGB1) serving as DAMPs are released from the infected cells, most often as a consequence of infection-induced apoptosis, necrosis, or pyroptosis,[@bib31] and accumulate in the extracellular space at a high concentration during viral infection, where these DAMPs can modulate antiviral immunity.[@bib32], [@bib33], [@bib34] For example, during adenovirus infection in the lungs, ATP-mediated signaling through the purinergic receptor P2X7 receptor (P2X7R) appears to be required for inflammasome-dependent induction of inflammatory mediators because inhibition or deficiency of P2X7R (or the inflammasome-dependent pro--IL-1--activating protease caspase-1) significantly reduced IL-1β secretion and neutrophil infiltration.[@bib35] Similarly, P2Y2R purinergic receptor--deficient mice exhibit increased morbidity and mortality with diminished viral clearance and increased neutrophil infiltration in the lung after pneumonia virus of mice infection.[@bib36] However, recognition of products of cellular damage need not always result in an enhanced innate host response and accelerated viral clearance. For example, recognition of HMGB1 through the DAMP receptor known as receptor for advanced glycation end-products reduces the host resistance to IAV infection.[@bib37] Although the contribution of the inflammasome pathway during viral respiratory tract infection has not been fully explored, the observations to date suggest that an array of damage-associated signals released during viral infection modulates, to varying degrees (ie, in a pathogen-dependent manner), the host antiviral immune response and thereby susceptibility to acute viral respiratory tract infection.

In view of the potential role of inflammasomes in viral infection, it is not unexpected that viruses would devise mechanisms to interfere with inflammasome activation. For example, the NS1 nonstructural protein of the H1N1 subtype IAV (eg, A/PR/8/34) is capable of blocking caspase-1 activation, IL-1β maturation, and apoptosis.[@bib38] This inflammasome inhibitory action by NS1 is dependent on the N-terminal domain of the NS1 protein, and IAV lacking the N-terminus of NS1 is attenuated in cell culture and induces higher levels of IL-1β and accelerated apoptosis. However, the caspase-1 inhibitory effect of NS1 might be IAV strain specific because NS1 from highly pathogenic avian H5N1 activates caspases and induces apoptosis.[@bib39] Thus highly pathogenic IAV virus strains, such as H5N1, might not need to use caspase-1 inhibition as a strategy to suppress inflammasome activation--associated inflammation because these viruses might directly downregulate expression of NLRP3 inflammasome components on infection.[@bib40]

Complement system {#sec1.5}
-----------------

The complement system is an essential component of innate immunity and has evolved as an important bridge between the innate and adaptive immune systems.[@bib41], [@bib42] Pulmonary viral infection can result in complement activation both locally (in the lungs) and systemically. Complement deficiency (ie, in components C3, C3a, and C5a) in mice causes markedly reduced T-cell responses to severe acute respiratory syndrome coronavirus[@bib43], [@bib44] and IAV infection,[@bib45], [@bib46] resulting in a reduced survival rate. In a recent study complement deficiency had no effect on the ability of DCs to trigger T-cell responses after influenza infection but instead resulted in diminished lung DC migration and accumulation into the lung draining lymph nodes (mediastinal lymph node \[MLN\]),[@bib46] suggesting a potential mechanism for the aforementioned impaired anti-IAV T-cell response in infected lungs. In this connection it is noteworthy that the CD103^+^ lung DC subset, which plays a prominent role in the induction of the adaptive immune T-cell response to viral respiratory tract infection in the MLNs, is now recognized to have the unique capacity to both sense and produce complement, thereby controlling both its own migration and the migration of CD11b^+^ respiratory DCs from the infected lung into the MLNs. Intriguingly, emerging evidence suggests that certain complement components (eg, C1q) can also either negatively or positively regulate inflammasome activation, depending on the disease.[@bib47], [@bib48] Thus components of the complement pathway might, like viral PAMPs and cellular DAMPs, provide additional immunologic cues to regulate host immunity to viral infection.

Resolution phase {#sec2}
================

Viral clearance and the process of recovery from primary viral respiratory tract infection (as well as resistance to reinfection) are primarily mediated by the adaptive host immune response, which represents the cellular and humoral immune responses acting directly to orchestrate viral clearance or in consort with cells and products of the innate immune system.[@bib2], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53] In animal models of RSV infection, both cytotoxic CD8^+^ T-cell (CTL) and antibody responses play a pivotal role in RSV clearance from the lung.[@bib49], [@bib51], [@bib53] In experimental influenza virus infection, CTLs likewise contribute to viral clearance from the infected lungs, and in the case of IAV infection, the CTL response is primarily directed against conserved viral internal proteins, including the acid subunit of the polymerase, matrix, and nucleoprotein shared by most IAV strains independent of subtype. CTLs might confer a modest degree of protection from reinfection and potentially provide a degree of heterosubtypic immunity, which is immunity against IAV strains of different subtypes.

An effective B-cell response to viral respiratory tract infection is typically associated with the clearance of infectious virus at the site of infection and classically is reflected in the generation of serum antibody capable of neutralizing the virus in standard assays of viral neutralization *in vitro*, such as plaque reduction, although antibodies lacking the capacity to neutralize virus *in vitro* can still be effective *in vivo*. In the case of influenza virus infection, an effective B-cell response typically reflects the production of antibody directed to the viral glycoproteins hemagglutinin and neuraminidase. The production of these antibodies is believed to be important for the ultimate elimination of infectious virions from the lungs after primary viral infection and essential to preventing reinfection with viral strains of the same subtype in the case of IAV.[@bib2], [@bib50], [@bib52], [@bib54]

Cellular immunity {#sec2.1}
-----------------

In viral respiratory tract infections cellular immune (ie, T-cell) responses can also play an important role in viral clearance from the lungs. In immunocompetent infants infected with RSV, viral clearance is typically achieved within 3 weeks of the onset of infection. However, RSV virus can persist for several months or more in infants with defective cellular immunity.[@bib55], [@bib56], [@bib57], [@bib58] As noted above, respiratory DCs play an important role as initiators of the antiviral T-cell response. In the mouse model of IAV infection, langerin^+^CD103^+^CD11b^−^ DCs within the conducting and terminal airways have been demonstrated to take up viral antigens and subsequently migrate from the site of infection into the MLNs. Here they act as APCs to trigger the activation of viral antigen--specific native T cells (both CD4^+^ and CD8^+^ T cells).[@bib59] CD103^−^CD11b^+^Ly6C^+^ inflammatory DCs also infiltrate into IAV-infected conducting airways and lung parenchyma. Within hours of the onset of infection, these DCs also migrate into the MLNs carrying viral antigens.[@bib60], [@bib61], [@bib62] Although lymph node--resident CD8α^+^ DCs are also capable of stimulating CD8^+^ T cells by cross-presenting viral antigens after uptake, they are less efficient than migrant CD103^+^ respiratory DCs as APCs for CD8^+^ T cells and cannot induce CD4^+^ T-cell responses.[@bib60], [@bib63] *Ex vivo* sorted CD103^+^CD11b^−^ DCs derived from MLNs of IAV-infected mice are the most potent at inducing CD8^+^ T-cell responses.[@bib64] Moreover, *in vivo* depletion of CD103^+^CD11b^−^ DCs before IAV infection by diphtheria toxin administration into mice expressing diphtheria toxin receptor selectively in lung CD103^+^CD11b^−^ DCs resulted in a diminished antiviral CD8^+^ T-cell response and delayed viral clearance from the infected lungs.[@bib59] These results and comparable findings in other models of viral infection suggested that among the DC subsets present in the MLNs, the migrant langerin^+^CD103^+^CD11b^−^ respiratory DCs are the most potent APCs for the activation of naive antiviral T cells after viral lung infection.[@bib65], [@bib66]

After stimulation by DCs, the now activated naive T cells undergo multiple rounds of cell division in the MLNs and primarily differentiate into antiviral effector T cells. These freshly activated effector T cells emigrate out of the MLNs to the site of infection (ie, the infected lungs), where they can further interact with recently recruited viral antigen--displaying inflammatory DCs.[@bib67], [@bib68], [@bib69] This second round of interaction with DCs in the infected lung tissue might be crucial for an efficient antiviral T-cell response because *in vivo* depletion of lung DCs during infection led to significantly reduced effector CD8^+^ T-cell expansion and therefore defective viral clearance in the lung.[@bib67] This can be partially explained by the finding that in the IAV-infected lungs CD11c^hi^ DCs provide the T-cell survival factor IL-15 to virus-specific effector CD8^+^ T cells through transpresentation of IL-15 by using DC-expressed IL-15Rα.[@bib68] Therefore in patients with pulmonary viral infection, DCs might play an important role in modulating antiviral T-cell responses not only in the MLNs but also at the site of infection. However, this interaction might not always be beneficial because onsite restimulation of antiviral CD8^+^ effector T cells by CD11c^+^ DCs elicits not only the cytotoxic response, which is crucial for viral clearance, but also proinflammatory cytokine production, including IFN-γ, directly by the responding T cells (or indirectly through cytokines produced by infiltrating innate immune effectors cells). The excess production of proinflammatory cytokines can lead to enhanced inflammation and injury, resulting in immunopathology during pulmonary viral infection.[@bib70]

As with the initiation phase of the adaptive immune response (ie, the activation of naive antiviral T cells), available evidence suggests that the production of proinflammatory and regulatory cytokines by activated effector T cells in the infected lungs is dependent on costimulation (ie, recognition of costimulatory ligands, such as CD80, CD86, and CD70) displayed on the surface of myeloid lineage CD45^+^ inflammatory cells infiltrating the infected lungs recognized by costimulatory receptors on the antiviral effector T cells. For example, the *in vivo* blockade of CD80 and CD86 in experimental murine IAV infection markedly diminishes IFN-γ production by anti-IAV CTLs in the lung but has no effect on viral clearance from the lungs.[@bib70] In IAV-infected lungs some of the CD45^−^ lung parenchymal cell types, including type II alveolar epithelial cells, present viral antigens in the context of MHC-II molecules, which can be recognized and potentially trigger a cytotoxic response by effector CD4^+^ T cells.[@bib71] However, at present, the contribution of CD4^+^ T-cell cytotoxicity to control viral replication and viral clearance *in vivo* in patients with IAV infection is not certain.[@bib72], [@bib73] Rather, results from experimental IAV infection studies suggest that the primary role of antiviral CD4^+^ T cells is to support antiviral B-cell response.[@bib74], [@bib75]

Humoral immunity {#sec2.2}
----------------

In patients infected with RSV, there is an inverse correlation between the frequency of lower respiratory tract infection caused by RSV and anti-RSV neutralizing antibody responses. Analyses in experimental models of RSV infection demonstrate a similar correlation.[@bib76], [@bib77], [@bib78] In the animal model of IAV infection, the humoral response to primary IAV infection consists of contributions from innate-like B-1 B cells, as well as virus-specific adaptive B cells localized to the extrafollicular (marginal zone) and follicular regions of the MLNs.[@bib52] On secondary exposure to virus, B cells present in inflammation-induced bronchial associated lymphoid tissue can also provide a local contribution to this antibody response. After activation by antigens, antigen-specific B cells undergo proliferative expansion and a series of differentiation events, resulting in the formation of germinal centers (GCs) within the lymphoid follicles, where B-cell receptor affinity maturation and memory B-cell formation occur.[@bib79], [@bib80] The efficient activation and differentiation of both extrafollicular and follicular B cells have been demonstrated to be dependent on CD4^+^ T-cell help.[@bib81], [@bib82], [@bib83], [@bib84]

A distinct subpopulation of CD4^+^ T cells, T follicular helper T (T~FH~) cells, have been implicated as the major provider of T-cell help for B-cell activation/differentiation and, particularly based on studies both in human subjects and rodents, for the GC response and the generation of GC B cells.[@bib21], [@bib85], [@bib86], [@bib87], [@bib88]

Recently, in the mouse model of IAV infection, a novel migratory CD45^+^ mononuclear cell type has been identified: late activator antigen-presenting cells (LAPCs).[@bib89], [@bib90] LAPCs migrate from the IAV-infected lungs into the MLNs late in the infection cycle (ie, between 6 and 12 days after infection). On migration to MLNs, LAPCs promote the differentiation of viral antigen--primed CD4^+^ T cells into T~FH~ cells through inducible costimulator/inducible costimulator ligand--mediated stimulation.[@bib54] In *ex vivo* coculture experiments neither B cells nor DCs isolated from the MLNs of IAV-infected mice efficiently induce T~FH~ differentiation by antigen-primed CD4^+^ T cells. Therefore because of the late migration of LAPCs from the infected respiratory tract to the site of CD4^+^ T-cell activation and differentiation, LAPCs might be uniquely positioned to monitor the extent of microbial replication in the respiratory tract after the initial induction of T-cell responses by DCs in the MLNs and thereby regulate the balance between tissue-migrating T~H~1-type effector T cells and the MLN-resident antibody-supporting T~FH~ differentiation.

Regulation of pulmonary inflammation during viral respiratory tract infections {#sec2.3}
------------------------------------------------------------------------------

The response of both innate and adaptive immune cells to pulmonary viral infections facilitates viral clearance but at the same time can, as noted above, produce excessive pulmonary inflammation resulting in tissue damage.[@bib91] Multiple cell types and molecules play a role in maintaining pulmonary homeostasis during pulmonary viral infections.[@bib92] Lung epithelial cells express CD200, which, after its engagement by a receptor (CD200R) displayed by alveolar macrophages under homeostatic conditions and inflammatory macrophages during IAV infection, inhibits the proinflammatory activity of these mononuclear cell populations in the lungs.[@bib93] Lung epithelial cells also constitutively express TGF-β1, which maintains immune homeostasis in the normal (uninfected) lung tissue.[@bib92] The *in vivo* blockade of TGF-β1 during IAV infection results in lethal lung tissue injury.[@bib94] Innate immune cells can also play a role in controlling excessive inflammation during viral respiratory tract infections. In the mouse model of RSV infection, both plasmacytoid DCs and alternatively activated (M2) macrophages have been suggested to play a crucial role in restricting excessive T cell--mediated inflammation through an unknown mechanism.[@bib95], [@bib96] Adaptive immune cells also play a role in tissue homeostasis: forkhead box protein 3^+^ regulatory T (Treg) cells[@bib97] have an important role in maintaining immune homeostasis by suppressing inflammation in naive hosts. After viral respiratory tract infection, Treg cells in the lungs have been shown to produce the anti-inflammatory cytokine IL-10 through a BLIMP1 (transcription regulator B lymphocyte--induced maturation protein 1, also known as PRDM1)--dependent mechanism and control excessive immune responses.[@bib98], [@bib99], [@bib100] In the mouse model of RSV infection, the depletion of Treg cells leads to excessive pulmonary inflammation and lung injury during the course of infection.[@bib97], [@bib101], [@bib102] Recently, not only Treg cells but also conventional effector T cells (both CD4^+^ and CD8^+^ T cells) have been shown to exert a "regulatory" function in the lung through the production of IL-10 during simian virus 5, IAV, or RSV infection.[@bib100], [@bib103], [@bib104] The *in vivo* blockade of T cell--derived IL-10 results in excessive pulmonary inflammation characterized by increased accumulation of CD45^+^ inflammatory cells and enhanced production of proinflammatory cytokines, especially during the course of IAV or RSV infection.[@bib100], [@bib104], [@bib105] These findings reinforce the view that there are multiple layers of immunoregulation at both the cellular and molecular levels, which play an essential role in maintaining lung tissue homeostasis and preventing excess inflammation during the resolution phase of viral respiratory tract infections.

Restoration phase {#sec3}
=================

Repair processes associated with viral respiratory tract infections {#sec3.1}
-------------------------------------------------------------------

Once virus and virus-infected cells are cleared and associated pulmonary inflammation is controlled, the repair response to viral respiratory tract infection (the restoration phase) ensues. The lung\'s ability to quickly and appropriately regenerate the epithelium damaged during infection will determine whether normal pulmonary function is regained or complications occur. Unfortunately, the repair processes after acute lung injury are not well understood and largely based on chemically induced injury models,[@bib106], [@bib107] which might not completely reflect the repair processes after a viral infection.[@bib108]

Restoration of the respiratory epithelial barrier after injury (chemical or viral) can be divided into 3 overlapping stages: (1) coverage by neighboring epithelial cells of the denuded area through local spreading and migration, (2) migration and proliferation of progenitor cells to reconstitute the epithelium, and (3) differentiation of epithelial cells/progenitors into defined cell types to restore barrier and respiratory function.[@bib107] The sheer variety of cell types and soluble mediators involved is compounded by the complex organization of the lung itself.[@bib106], [@bib107] However, these repair processes are rapid. The lung barrier can be largely, if not fully, reconstituted and lung respiratory function can be restored at least partially within days after viral clearance, depending on the severity of the infection and the extent of lung involvement.

Epithelial restoration is initiated locally as epithelial cells cover the space created by the loss of necrotic and apoptotic tissue neighboring the residue of cellular viral infection, host response to infection, or both. Dead cells are eliminated by the mucosal-ciliary elevator or removed by professional phagocytes and epithelial cells themselves.[@bib109], [@bib110] Neighboring cells proliferate and in some cases (eg, type II alveolar epithelial cells and Clara cells) differentiate into another epithelial cell type to re-establish epithelial integrity. The degree to which these cell types can differentiate and contribute to the formation of the epithelial cell barrier might be limited. The migration of *bona fide* progenitor cells to inflamed sites is required to fully restore epithelial cell types.

The human lung contains stem cells capable of forming functional bronchioles, alveoli, and pulmonary vessels after tissue damage.[@bib111] To date, a number of specific progenitor cells have been identified in human subjects and mice, notably bronchial associated stem cells and tracheal basal cells.[@bib112], [@bib113], [@bib114], [@bib115], [@bib116] Some progenitors might also arrive from the bloodstream.[@bib117] Even these progenitors are limited in their ability to differentiate into various epithelial cell types. For example, bronchial associated stem cells appear unable to reconstitute alveoli.[@bib118] Thus multiple pools of progenitor cells are likely to be required to appropriately repair the damaged lung tissue. Different stem cell progenitors might also be induced (or recruited) based on the type of lung injury. During a murine IAV infection, tracheal basal cells assemble into Krt5^+^ pods and display a number of markers indicating they are reconstituting and in many cases generating alveoli.[@bib119] Interestingly, these cells were not present in a bleomycin injury model, suggesting the lung possesses specific repair processes rather than a generalized repair process for all types of injury.[@bib119]

Although immune cells are mediating viral clearance and inducing inflammation, recent research has highlighted their function in promoting tissue repair. Particular interest has been directed to a family of innate lymphoid cells (ILCs), which is composed of rare, although important, lymphocytes devoid of traditional lineage markers (eg, CD3 and CD19) but dependent developmentally on Id2.[@bib120] These cell populations have been noted in mucosal and lymphoid tissue in both rodents and human subjects.[@bib121], [@bib122], [@bib123], [@bib124], [@bib125]

One particular ILC type has been implicated in respiratory tract disease and repair: type II ILCs (ILC-IIs), which are also termed nuocytes, multipotent progenitors, and natural helper cells, depending on surface marker expression and location within the mouse.[@bib123], [@bib124], [@bib125] Similar cells have been demonstrated in human subjects.[@bib121], [@bib122] On stimulation with IL-25, IL-33, or both,[@bib121], [@bib122], [@bib125], [@bib126] ILC-IIs are potent producers of type II immune response (T~H~2) cytokines (IL-5 and IL-13 but not IL-4), extracellular matrix proteins, and growth factors. These products implicate ILC-IIs in the recovery processes after lung tissue damage. During IAV infection, depletion of ILC-IIs led to thermodysregulation, impaired epithelial regeneration, and deregulated lung function, which was independent of viral control.[@bib122] In particular, ILC-II--derived amphiregulin, an epithelial cell growth factor, was important in restoring epithelial integrity after viral clearance. It remains to be determined whether the other products of ILC-IIs are important for recovery from infection and restoration of barrier and respiratory function, although there is strong evidence that some ILC-II products can contribute to the exacerbation of asthma (discussed below).

ILCs can produce significant quantities of IL-22, which protects epithelial cells from apoptosis and triggers proliferation. IL-22 has been demonstrated to restore epithelial function in the gastrointestinal tract.[@bib127] Although IL-22--producing ILCs have not been identified in the lung, murine NKp46^+^ conventional NK cells are a significant source of IL-22 during IAV infection.[@bib128], [@bib129] On the basis of analyses with IL-22--deficient mice and cells, NK cell--derived IL-22 has been reported to contribute to respiratory epithelial repair, induce IL-10 production, and exert antiviral effects.[@bib129] However, some investigators have noted no physiologic role of IL-22 during recovery from influenza infection when the cytokine is acutely depleted during infection by *in vivo* treatment of infected animals with neutralizing anti--IL-22 antibodies.[@bib122], [@bib128] Thus it remains to be determined whether IL-22 is a *bona fide* cytokine aiding lung repair in experimental or human viral respiratory tract infection.

After viral clearance, the host immune response in the lung transitions from that of a proinflammatory type I immune response (T~H~1) and begins to acquire the characteristics of a type II immune response, the latter having been previously implicated in tissue repair.[@bib108], [@bib130] For example, mice deficient in IL-4 receptor α (one of the 2 chains of the IL-4 receptor), which mediates IL-4 and IL-13 signaling, exhibit increased and sustained inflammation and impaired wound-repair responses.[@bib131], [@bib132] Although IL-13 can stimulate lung epithelial cell proliferation and provisional matrix deposition, neutralization of IL-13 during murine IAV infection did not affect gross lung function.[@bib122] On the other hand, IL-4 and IL-13 signaling enhances the generation of alternatively activated macrophages (ie, M2 macrophages), which are anti-inflammatory and can be involved in tissue repair.[@bib133] During RSV infection, for example, the absence of M2 macrophages correlated with enhanced inflammation, and M2 macrophage transfer into IL-4 receptor α--deficient animals reduced lung pathology.[@bib95]

Respiratory tract virus--associated sequelae {#sec3.2}
--------------------------------------------

After infection with certain respiratory tract viruses, subjects can exhibit manifestations or sequelae of infection outside of the lung. For example, influenza infection in human subjects has been linked to myositis, myopathy, myocarditis, and central nervous system inflammation.[@bib134], [@bib135] The mechanistic basis for these sequelae is unclear, and potential mechanisms are described elsewhere.[@bib136], [@bib137], [@bib138]

Although secondary bacterial infections are associated with a number of respiratory tract viruses, including RSV and rhinoviruses,[@bib139], [@bib140], [@bib141] their most significant association is with IAV. Along with exacerbation of pre-existing conditions (eg, cardiovascular disease and asthma), bacterial coinfections are the primary cause of mortality in influenza-infected patients.[@bib142] IAV replication in the respiratory epithelium leads to impairment of mucosal-ciliary clearance and increased bacterial colonization.[@bib143], [@bib144] Secondary infections primarily coincide with resolution of inflammation and the onset of reparative responses rather than early viral replication,[@bib142], [@bib145], [@bib146] indicating host responses also have a significant effect on the susceptibility to bacterial superinfection. In experimental models the release of type I interferons and IFN-γ during viral clearance from the lung negatively affects the ability of lung-infiltrating neutrophils and macrophages, respectively, to control bacterial infection.[@bib147], [@bib148] In addition, the desensitization of TLRs, as well as the upregulation of anti-inflammatory molecules, such as IL-10, during viral clearance from the lung might serve to suppress immune responses to bacterial infection.[@bib149], [@bib150], [@bib151] Thus a loss of epithelial barrier function and the antiviral immune response might paradoxically create an environment that supports enhanced bacterial colonization, resulting in bacterial superinfection and ultimately bacterial pneumonia.

Viral infections of the lung are a recognized risk factor in the development of asthma and, more importantly, a major inducer of asthma exacerbation. Most forms of asthma (including asthma with the onset in young adults) have their origins in infancy.[@bib152] Viral respiratory tract infections in the first 2 years of life, particularly severe lung infection, are strong prognosticators for eventual asthma development.[@bib153], [@bib154], [@bib155] The highest risk for eventual asthma development is in children who experience a lung infection and become atopic to aeroallergens in the first 1 to 2 years of life.[@bib153], [@bib156], [@bib157], [@bib158], [@bib159] Intriguingly, aeroallergen sensitization alone is rarely associated with asthma throughout life.[@bib160] These observations imply that virus- and allergen-induced inflammation might act synergistically to disrupt normal lung function at a point in life when the lung is growing and experiencing significant anatomic changes.

RSV and rhinovirus infections, in particular, are associated with asthma risk. Severe cases of infant RSV infections have been associated with the development of childhood wheezing, as well as early adult asthma.[@bib153], [@bib161], [@bib162], [@bib163] However, there are conflicting reports on whether RSV-associated childhood wheeze decreases with age.[@bib162], [@bib163] Recently, greater emphasis has been placed on rhinovirus infection and its connection with asthma development. For example, rhinovirus is a 3 times greater disease burden for symptomatic lung infection than RSV in infants.[@bib164] It is unclear whether rhinovirus replication is occurring within the lower airways during infection because there are certain impediments for rhinovirus to replicate in this location,[@bib165] but population studies have demonstrated a strong link between severe rhinovirus-related infections in infants and eventual asthma development.[@bib153], [@bib154], [@bib157]

Better documented but still poorly understood is the strong connection between viral respiratory tract infection and asthma exacerbation in subjects with pre-existing allergic disease and airway hyperresponsiveness. Asthma exacerbations have been documented after infection with rhinoviruses, seasonal and pandemic influenza, adenoviruses, and coronaviruses.[@bib166], [@bib167], [@bib168], [@bib169] Eighty percent of children requiring hospitalization after an acute asthma attack had a viral infection at the time of entry.[@bib167]

The mechanisms by which viral respiratory tract infection might contribute to asthma exacerbation are unclear, but current evidence demonstrates a skewed immune response in infected children. Wheezing children with symptomatic rhinovirus infection have diminished type I immune responses (eg, IFN-γ and IL-12).[@bib168] In contrast, type II cytokine levels were increased in young patients infected with rhinovirus, likely from a T-cell source. Furthermore, as discussed above, the contribution of type II cytokines produced by ILC-II responding to viral lung infection now needs to be considered. In a T cell--independent model of allergen sensitization, IL-5-- and IL-13--producing ILC-IIs were critical for the development of lung eosinophilia and mucus hypersecretion.[@bib170] In a mouse model of IAV infection, airway hyperreactivity after infection was regulated by IL-13 production derived from ILC-IIs.[@bib171] Transfer of ILC-IIs into IL-13--deficient animals resulted in the exacerbation of asthma symptoms.

Type II immune responses during viral infections can also enhance the transition of macrophages into an M2 phenotype.[@bib172] M2 macrophages can produce additional type II cytokines, enhance mucous cell metaplasia, and augment airway hyperactivity.[@bib172] Similarly, respiratory DCs were demonstrated to upregulate FcεRIα in a type I interferon--dependent fashion after viral clearance in an experimental murine model.[@bib173] FcεRIα^+^ DCs augmented the recruitment of T~H~2 cells and mucous cell metaplasia.[@bib173] IgE levels are a significant risk factor for asthma development, and treatment of children and young adults with chronic asthma with omalizumab (anti-IgE) can significantly reduce the incidence of asthma exacerbation.[@bib174], [@bib175], [@bib176]

As noted above, the transition to a type II response profile after viral infection is associated with lung repair processes. One intriguing hypothesis linking early viral respiratory tract infection and subsequent asthma development in infants and very young children (in which the lungs are in the process of maturing) is the possibility that viral respiratory tract infection results in a deregulated repair response affecting lung development and function, which in turn predisposes subjects to the subsequent development of airway hyperreactivity and asthma.

The epithelium in asthmatic patients is also fundamentally changed.[@bib177] Bronchial epithelial cells, as well as bronchial lavage cells, are more sensitive to viral replication.[@bib168], [@bib178], [@bib179] There is evidence that asthmatic epithelial cells are more sensitive to rhinovirus infection because of inherent deficiencies in type I and type III interferon production in response to infection.[@bib178], [@bib179] However, these observations might be dependent on the strain of rhinovirus.[@bib177]

Conclusions {#sec4}
===========

Emerging evidence from a variety of experimental models of viral infection of the lung, as well as data from human studies, suggest that viral infection and particularly the host response to infection, although occurring on a continuum, can be viewed as occurring in 3 stages ([Table I](#tbl1){ref-type="table"} ).Table IRole of innate and adaptive immune cells during pulmonary virus infectionCell typeSite of actionPulmonary viral infection phasesInitiation phase[∗](#tbl1fnlowast){ref-type="table-fn"}Resolution phase[†](#tbl1fndagger){ref-type="table-fn"}Restoration phase[‡](#tbl1fnddagger){ref-type="table-fn"}Respiratory epithelial cellsLungInitial target of viral replicationTargets of effector immune cells; inhibit inflammatory macrophage activitiesRegeneration source of epithelial barrier; can eliminate dying/dead cellsLung fibroblastsLungUnknownUnknownProduce growth factors and matrix proteins to facilitate recoveryVascular endothelial cellsLungInitiation of cytokine storm; recruitment of innate immune cellsUnknownUnknownMigratory lung DCs Langerin^+^CD103^+^CD11b^−^ DCsMLN/lungInduction of antiviral T-cell responses (CD8^+^ \> CD4^+^ T cells)Trigger the activation of antiviral T cells (both CD4^+^ and CD8^+^ T cells)Unknown CD103^−^CD11b^+^ DCsMLN/lungInduction of antiviral T-cell responses (CD8^+^ \< CD4^+^ T cells)Trigger the activation of antiviral T cells (both CD4^+^ and CD8^+^ T cells)UnknownNonmigratory DCs CD8α^+^ DCsMLNCross-presentation to antiviral CD8 T cellsTrigger the activation of viral antigen-specific T cells (CD8^+^ T cells)UnknownAlveolar macrophageLungInitiation of innate immune responsesUnknownCan eliminate dying/dead cells; can modify ILC activitiesAlternatively activated macrophageLungUnknownRestrict excessive T cell--mediated inflammationCan eliminate dying/dead cells; might aid tissue repairInflammatory monocytesLungAmplification of inflammatory responseProvide T-cell survival signals; restimulate T cellsCan eliminate dying/dead cellsNeutrophilsLungAmplification of inflammatory responseRestimulate T cellsCan eliminate dying/dead cellsEosinophilsLungUnknownUnknownAccumulate after infection; function unknownILCsLungUnknownUnknownProduce growth factors, matrix proteins, and T~H~2 cytokines to facilitate recoveryNK cellsLungDC activation; augmenting inflammationUnknownSource of IL-22; might facilitate epithelial repairNKT cellsLungAugmenting inflammationUnknownCan modify ILC activities (Braciale, unpublished observations)LAPCsMLNUnknownInduce antiviral B-cell response through promoting T~FH~ cell differentiationUnknownEffector T cells T~H~1 cellsLungNot applicableProinflammatory cytokine secretionUnknown T~H~2 cellsLungNot applicableUnknownSource of T~H~2 cytokine that might facilitate recovery CTL cellsLungNot applicableProinflammatory cytokine secretion; crucial for viral clearance in RS through cytotoxicityUnknown T~FH~ cellsMLNNot applicableInduce both antiviral extrafollicular and follicular B-cell responsesUnknownTreg cellsMLN/lungUnknownControl excessive immune responseUnknownB cellsMLNUnknownCrucial for viral clearance in RS through neutralizing virionsUnknown[^3][^4][^5][^6]

First is the initiation phase, in which CD45^−^ stromal cell constituents, as well as resident and newly recruited CD45^+^ cells, represent the innate immune sentinels that initially respond to viral invasion. The response of these cells established an inflammatory milieu in which subsequent events occur and also serves to initiate the adaptive immune response.

Second is the resolution phase, in which cells of the adaptive immune system are recruited into the infected lung and the cells and their soluble products (eg, cytokines and antibody) serve the primary function of eliminating infectious virus and virus-infected cells, as well as orchestrating the recruitment and function of the innate immune cells involved in viral elimination. The adaptive immune cells, along with the CD45^+^ innate immune cells and the CD45^−^ lung stromal cells, begin the process of restoring the normal structure and function to the infected lung.

Third is the restoration phase, in which the cellular elements making up the host response to infection, as well as resident and newly recruited stem cells, continue the process of restoration of lung barrier integrity and essential cellular functions (eg, gas exchange), as well as the elimination of cellular debris associated with infection. It is during this phase that lung "remodeling," which is associated with either normal restoration of pulmonary structural integrity or airway and parenchymal changes associated with pulmonary disease, occurs. Over the past decades, we have seen remarkable advances in our understanding of the first 2 phases of the response to viral infection in the respiratory tract. A major challenge for the future is to elucidate the mechanisms that underlie the repair processes resulting in the restoration of normal pulmonary function and structure.What do we know?•PAMPs trigger a wide range of intracellular signaling pathways and initiate optimal antiviral immunity in the infected lung.•Damage-associated host-derived components play a significant role in orchestrating host antiviral immune responses.•The host adaptive immune response, including the CTL-mediated response and B cell--mediated humoral responses, is crucial to clear virus in the infected lung.•The host\'s respiratory epithelium and immune response cooperate to restore lung function and homeostasis after viral infection.•The general idea of the stem cells responsible for restoring respiratory epithelial complexity is known.•ILCs are potent producers of type II cytokines, which might have implications for tissue repair and asthma.•Viral infections result in a number of disease maladies not necessarily dependent on active viral replication.•Childhood viral infections are strongly linked to eventual asthma development. What is still unknown?•Not all cell types are equally created: cell type--specific (ie, epithelial cells vs DCs) innate immune responses to PAMPs and DAMPs•Regulation of the production of damage-associated molecules•Qualitative and quantitative immune responses to different damage-associated molecules•Identification of cellular receptors and signaling pathways for many DAMPs•Detailed mechanisms by which the host repairs the lung and restores function•Mechanisms regulating stem cell migration and differentiation *in vivo* after viral clearance•The location of innate lymphoid cells in the lung, potential roles during viral pathogenesis, and the extent to which they regulate tissue repair after injury•The mechanisms determining the transition from an antiviral type 1 response to a reparative type 2 response•Why some subjects have sequelae after viral infection and others do not•Whether childhood viral infections are a cause of eventual asthma development•Why viral infections, a nominal potent trigger of T~H~1 responses, could augment T~H~2 responses in certain children and asthmatic subjects
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[^4]: The initiation phase includes viral entry, replication/amplification, and initiation of innate and adaptive immunity, typically before the arrival of antiviral effector T cells to the lung.

[^5]: The resolution phase encompasses the clearance of infectious virions through the actions of mainly, but not exclusively, effector T and B cells.

[^6]: The restoration phase includes the repair/regeneration of respiratory epithelial cells and a return to homeostatic pulmonary function.
